This study investigates the magnetic mineralogy of a collection of archaeological potteries. Actual magnetic carriers and the domain states of the constituent magnetic fine particles have been obtained from the acquisition of isothermal remanence and low field susceptibility measurements. The magnetic mineralogy of all samples has been dominated by ferrimagnetic mineral (magnetite/magnetite with low titanium content) which is suitable for paleointensity measurement in determining the intensity of the ancient geomagnetic field.
Introduction
Archaeology deals with the systematic study of the relics of the ancient past and throws light on the life and cultural development of a race. The relics are remains, in general, of buildings, burial places, implements, utensils, and ornaments belonging to periods about which there are no written records. Excavation at an archaeological site may reveal the depth of civilization. The unearthed clayware, broken statues, ceramic sherds, corroded armour, weapons, etc., give valuable information about the material environment during the ancient times.
Archaeomagnetic studies have undergone an extensive development during the last few decades to reveal information about the long-term behaviour of the Earth's geomagnetic field, and when an adequate reference curve exists, it can date archaeological artifacts. The necessary condition for the suitability of archeomagnetic investigation is that the archaeological artifacts must be heated to high temperature, i. e., Curie temperature (T C ) of the respective minerals, which fossilizes the Earth's magnetic field and its direction at the time of last firing. The measurements of remanent magnetization allow the determination of the direction and intensity of the Earth's magnetic field at the moment of cooling the burnt structure. The geomagnetic field can be obtained from those remains found in situ since last firing (clay plasters, burnt soil, and in some cases of bricks).
Detailed mineral magnetic investigations have been carried out on archaeological potteries in order to identify the minerals present, which are responsible for the record of ancient geomagnetic field. As no single method can provide complete and accurate information on the mineral magnetic properties of the sample, several techniques have been used in this study. The type of magnetic minerals (remanence carriers), their concentration, and domain states are important factors in determining the reliability of the results found in the artifacts [1] [2] [3] [4] . The artifacts are subjected to rock magnetic studies like magnetic susceptibility (frequency) and isothermal remanent magnetisation (IRM) acquisition in order to characterise the main magnetic phases and to select the most suitable samples for paleointensity measurements. samples from different trenches at various depth were used for the present study. Mass-specific magnetic susceptibility at low frequency (χ LF ) and high frequency (χ HF ) have been measured for cylindrical shaped samples with the Bartington MS2B dual frequency meter at two frequencies (χ LF at 0.47 kHz and χ HF at 4.7 kHz) with a measuring accuracy of 1·10 −5 SI unit by applying the field strength of 80 A/m. Percentage frequencydependent magnetic susceptibility χ FD % = (χ LF − χ HF )·100/χ LF and mass specific frequency dependent susceptibility χ FD = χ LF − χ HF are then calculated. The difference between the measured magnetic susceptibility at low and high frequencies depends on the concentration of the grains having relaxation frequencies in this interval. The parameters χ FD and χ FD % are used to detect ultrafine (<0.03 µm) ferrimagnetic minerals lying in the superparamagnetic (SP) grain size. Anhysteretic remanence magnetisation (ARM) has been produced by a direct field (50 µT) and a maximum alternating field (AF) of 100 mT. AF demagnetisation has been performed on a laboratory built tumbling AF demagnetiser and IRM using a pulse magnetiser model MMPM9. Remanences are then measured with an Agico molspin spinner magnetometer.
Site and methods

Bhon
Mineral magnetic study results and discussion
Frequency dependent susceptibility
Magnetic susceptibility measures the 'magnetizability' of a material in the natural environment, which mainly tells us about Fe-bearing minerals that are found in soils, bricks, rocks, dusts, and sediments [5] . Susceptibility itself depends upon the concentrations of ferrimagnetic grains (mainly magnetite). Magnetic susceptibility χ is also dependent on the sample size. Therefore, it is customary to present susceptibility as mass normalized susceptibility χ [6] . Measurements of frequency-dependent magnetic susceptibility (difference between magnetic susceptibility measured at low and high frequency of the inductive magnetic field) are now widely used for detection of fine magnetite/maghemite grains in soils and rocks [7] [8] [9] [10] [11] . The basis of this technique is the Neel's theory for superparamagnetic relaxation [12] of fine particles, which have relaxation times lying between the two measuring frequencies. The difference between the measured magnetic susceptibility at low and high frequency depends on the concentration of the grains having relaxation frequencies in this interval. Mass-specific and percentage frequency dependent susceptibility are the two parameters most frequently used.
Generally, several factors play the most important role in determining magnetic enhancement of fired clay. These are the properties of the initial unburnt material through its specific iron content (Fe incorporated in clay minerals or Fe-oxide/hydroxides); the degree of burning which in most cases depends on the kind of the remains (e. g. fired clay, brick, oven) and determines the final magnetic mineralogy of burnt clay materials [1] . In the present study pottery samples from Bhon have been subjected to range of rock magnetic measurements in order to elucidate the final magnetic minerals of the burnt clay material. Summary of mineral magnetic parameters measured for Bhon pottery samples are given in Table 1 . It is observed that the χ LF values are more evenly spread over a range (24.0126-164.4809)·10 −7 m 3 /kg pointing to higher magnetic enhancement. The high χ LF values of the samples are due to higher firing temperature achieved during baking. Most of the samples in the depth of 0-36 cm and 50% of the samples in the depth of 52-59 cm with lower susceptibility indicates the presence of lower concentration of ferrimagnetic mineral. The higher susceptibility values of all samples of other depths show the presence of higher concentration of ferrimagnetic minerals. Samples of all depths show the presence of superparamagnetic grain with size ∼0.012-0.023 µm. The BON-3 sample with χ FD % < 2 indicates the presence of multidomain particles, but multidomain character is not reflected in further measurement like S-ratio. High values of χ FD indicate the presence of very fine grained metastable magnetic grains spanning the SP-stable single domain (SSD) boundary [13, 14] . All the samples show χ FD % > 2 but most of the samples fall in between 4 and 9% suggesting the presence of significant amount of the superparamagnetic magnetite grains.
Dearing et al. [9, 15] have reported that burnt clay samples with χ FD % > 2 have detectable concentration of SP grains, and if χ FD % is around ∼6-10, samples contain significant amount of fine SP grains of size ∼0.012-0.023 µm. Hunt et al. [16] have reported that a sample containing significant fraction of SP grains (near 20 nm in magnetite) will thus have a high value (up to about 12) of χ FD . Dearing et al. [15] showed in a model mixing experiment that addition of increasing amount of multidomain-magnetite grains to soil, containing predominantly SP magnetite grains (χ FD % = 10.5), causes χ FD % to decrease to <2, while χ LF increases with concentration. Figure 1 shows the χ LF and χ FD % for the samples. The measurement suggests that the pottery samples under investigation are magnetically enhanced materials in terms of concentration and degree of crystallinity of ferrimagnetic mineral magnetite.
Isothermal remanent magnetization (IRM)
IRM is the remanent magnetization acquired by a sample after exposure to, and removal from, a steady (DC) magnetic field. IRM depends on the strength of the field applied, which is often denoted by a subscript.
It is also a function of the magnetic mineralogy and grain size. The maximum remanence that can be produced in a sample is called Saturation Isothermal Remanent Magnetization (SIRM). IRM is often used as an indicator for the presence of ferrimagnetic minerals, but antiferromagnetic minerals, such as hematite and goethite are also capable of acquiring an IRM. After a sample has acquired an IRM it is often possible to (partially) demagnetize the sample by exposing it to a magnetic field of reversed direction. Such a partial demagnetization can yield information about the ease of remanence acquisition, or the coercivity of a sample. The results are expressed as an S-ratio, for example,
where IRM −100 denotes an IRM acquired in a reverse field of 100 mT after SIRM acquisition. S-ratios can be used to gain information about magnetic mineralogy [17] . S-ratios close to +1.0 are indicative of ferrimagnetic minerals, while low S-ratios (<0.6 or even <0) are caused by the presence of antiferromagnetic minerals. In the present study, all the samples show S-ratio values >0.6 which reflect the presence of ferrimagnetic minerals.
It is also worthwhile to examine the magnetic parameter Koenigsberger's-ratio (Q-ratio = NRM/χ LF × 0.5 Oe) which gives the type of mineral and its domain state that produce a dominantly induced remanent magnetization and the value 0.5 Oe corresponds to a magnetizing force of 39.79 A/m [18] . The high Q-ratio values are characteristic of stable (thermoremanent) origin of NRM while low values (Q < 1) are for other nonstable remanence [19] . The Q-ratios provide a relative importance of remanent and induced magnetization, remanence being dominant for Q > 1 [20] . Variations in remanent intensity and susceptibility depend on volume content of magnetite. The Q-ratios >1 indicate the presence of single domain / pseudo single domain magnetite grains in all the samples and suggest that the samples are suitable for archaeomagnetic analysis. The soft and hard IRM parameters are also indicative of the presence of the type of magnetic minerals. Blomendal et al. [17] have reported that hard IRM is proportional to the concentration of such high-coercivity, antiferromagnetic minerals as goethite and hematite. Basavaiah and Khadkikar [21] have reported that samples having high soft IRM value contain more ferrimagnetic grains than antiferromagnetic grains. In the present study, the higher values of soft IRM point towards the higher concentration of ferrimagnetic mineral.
IRM acquisition curve
Stepwise saturated isothermal remanent magnetization (SIRM) acquisition curves are useful in identifying magnetic mineral species. SIRM curves up to a maximum field of 1 T and a back-field demagnetization of SIRM are conducted on samples from each flow on a pulse magnetizer (MMPM9). Samples are saturated on applying maximum field of 1 T and they show a remanence coercivity (H cr ) of about 40-50 mT, indicating that magnetite is probably the main magnetic carrier. The IRM acquisition curve for three representative samples are given in Fig. 3 . In the present investigation, all the samples show remanence coercivity of about 30-40 mT, suggesting that magnetization is carried by low coercivity magnetic mineral such as magnetite/titanomagnetite with low Ti content. 
Conclusions
1. The obtained higher values of mass specific susceptibility reveals the presence of higher amount of ferrimagnetic minerals from the parent unbaked clay as well as the higher firing temperature achieved during baking.
2. The higher percentage χ FD % values reveal the presence of fine superparamagnetic magnetite particles of varying grain size (∼0.012-0.023 µm).
3. Rock magnetic properties of the pottery samples show stable remanent magnetisation and are found to be suitable for determining paleointensity which is in progress.
